In a consistently urbanizing world, anthropogenic noise has become almost omnipresent, and there are increasing evidence that high noise levels can have major impacts on wildlife. While the effects of anthropogenic noise exposure on adult animals have been widely studied, surprisingly, there has been little consideration of the effects of noise pollution on developing organisms. Yet, environmental conditions experienced in early life can have dramatic lifelong consequences for fitness. Here, we experimentally manipulated the acoustic environment of free-living house sparrows (Passer domesticus) breeding in nest boxes. We focused on the impact of such disturbance on nestlings' telomere length and fledging success, as telomeres (the protective ends of chromosomes) appear to be a promising predictor of longevity. We showed that despite the absence of any obvious immediate consequences (growth and fledging success), nestlings reared under traffic noise exposure exhibited reduced telomere lengths compared with their unexposed neighbours. Although the mechanisms responsible for this effect remain to be determined, our results provide the first experimental evidence that noise alone can affect a wild vertebrate's early-life telomere length. This suggests that noise exposure may entail important costs for developing organisms.
Introduction
In many vertebrate species, it is widely established that environmental conditions experienced in early life can shape individual life histories, particularly due to influence on phenotypic development [1] . Over the last decade, there has been growing interest in understanding the mechanisms underlying the long-term consequences of developmental conditions on fitness [1] . Telomere length has recently been suggested as a relevant molecular tool to investigate this question because it appears to be a promising predictor of survival in wild vertebrates [2] [3] [4] . Made of repetitive non-coding sequences of DNA, telomeres protect chromosomes during cell division [2] . Telomeres shorten throughout the life of an organism, and this rate of shortening can be accelerated by environmental stressors [5, 6] . Previous studies have shown that most telomere loss occurs in early life (e.g. [7] ). Environmental conditions experienced during development are thus likely to be a particularly important driver of telomere shortening [8, 9] , and consequently, might entail important costs (e.g. reduced longevity [3] ).
To date, most research addressing the impact of environmental conditions on phenotypic development has only considered changes in various aspects of the natural environment (e.g. nutritional conditions, sibling competition [1, [8] [9] [10] ). However, in a rapidly urbanizing world, organisms are exposed to novel environmental challenges [11] , and in particular, to large increases in the level of background noise. Anthropogenic noise has become nearly omnipresent and can have major impacts on wildlife [12] , making noise pollution a research priority. The effects of anthropogenic noise exposure on adult animals have been widely studied, mainly in the context of acoustic communication (reviewed in [12] ). But surprisingly, there has been very little consideration of the likely effects of noise pollution on developing organisms (but see [13] ). Anthropogenic noise could alter phenotypic development through direct impact on the developing organism (e.g. noise-induced developmental stress [13] ), or indirect impact through altered parental behaviour [14, 15] . Accordingly, organisms that develop in a noisy environment are overall likely to be of poor phenotypic quality [14] . However, the potential influence of early-life noise exposure on phenotypic development has yet to be explored in wild populations.
Here, we experimentally investigate the impact of chronic anthropogenic noise exposure on telomere length and fledging success of developing wild birds, by manipulating the acoustic environment (traffic noise versus control) of free-living house sparrows (Passer domesticus) breeding in nest boxes. To explore the causes of potential difference in telomere length between sound treatments, we also examine the effect of noise exposure on morphological (i.e. body size and condition) and physiological (i.e. baseline corticosterone level) parameters. We predicted that nestlings reared under traffic noise exposure should have shorter telomeres, be of poorer phenotypic quality (reduced size and condition), have increased physiological stress (i.e. increased corticosterone levels) and have a lower fledging success relative to controls.
Material and methods
The field experiment was conducted on a population of house sparrows breeding in nest boxes at the Centre d'Etudes Biologiques de Chizé (46808 0 52 00 N, 0825 0 34 00 W), France. During the 2013 breeding period, nest boxes were exposed to either a playback of traffic noise ('disturbed treatment', noise levels at the entrance hole: 63.3 + 1.7 dB(A), 21 nest boxes) or the rural background noise of the study site ('control treatment', noise levels: 43.0 + 0.5 dB(A), 46 nest boxes). Treatment began several weeks before egg-laying and ended at the end of the chick-rearing period, and consisted of a traffic noise recording that was played for 6 h a day, 7 days a week, using Logitech LS11 stereo speakers and iPod shuffles. Speakers were hidden 3-4 m from the nest boxes and volume was adjusted to produce noise levels similar to those experienced by birds breeding in urban environments [15] . We visited the nest boxes every 2 days to determine occupancy rates, laying dates, clutch sizes and hatching dates. None of these variables were affected by sound treatment (see [15] and the electronic supplementary material for details). When nestlings were 9-days old, we collected morphological (body size and condition), physiological (baseline corticosterone level) and molecular (telomere length) data. Specifically, 37 nestlings (21 'disturbed nestlings' from nine broods and 16 'control nestlings' from seven broods) were measured (tarsus, bill and wing lengths) and weighed. Body size and body condition indices were calculated using these morphological measurements (see the electronic supplementary material). In addition, nestlings were blood sampled (50 -100 ml) within 3 min of capture and ringed with a numbered metal ring. Finally, we checked the nest boxes 17 days after hatching to record fledging success.
Blood samples were centrifuged (4500 r.p.m., 7 min), and plasma and red blood cells were separated and stored at 2208C 
21 (9) 16 (7) 21 (9) 16 (7) 21 (9) rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150559 until analysed. Plasma concentrations of corticosterone were measured by radio-immunoassay. Genomic DNA was extracted from frozen red blood cells using DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer's protocol. The sex of nestlings was then determined by molecular sexing. Telomeres were finally measured using real-time quantitative PCR, following a protocol previously validated for birds (see [16] and the electronic supplementary material for details on assays). Statistical analyses were performed in R. v. 3.1.0. We used linear mixed models (LMMs) with 'body size', 'body condition', log-transformed 'baseline corticosterone' or log-transformed 'telomere length' as our dependent variable, 'sound treatment' (disturbed versus control), 'sex', 'brood size' and two-way interactions as independent variables/factors, and 'nest identity' as a random factor. For telomere and corticosterone analyses, we also included 'body condition' as an independent variable. Fledging success was analysed on a per brood basis. We used generalized linear models (GLMs, binomial error distribution, logit link function) with 'fledging success' (proportion of nestlings that fledged) as our dependent variable, and 'sound treatment', brood size and their interaction as independent variables/factors.
Results
Noise exposure did not affect nestlings' growth, condition and fledging success: disturbed nestlings had similar body size (LMM: sound treatment effect: F 1,14 ¼ 0.13, p ¼ 0.720; figure 1a and figure 1d and table 1d), with nestlings reared under chronic noise exposure having significantly shorter telomeres than controls. There were no significant effects of sex, body condition or brood size on telomere length (all p . 0.394; table 1d).
Discussion
Only a few studies have investigated the effects of noise pollution on nestlings directly (e.g. [13, 17, 18] ). Overall, they report that noise exposure has subtle effects on physiology and behaviour of nestlings (stress physiology [13] ; begging calls [17, 18] ) without obvious effects on growth, condition or fledging success. Strengthening these results, we found a strong and significant effect of noise exposure on nestling telomere length, but no effect on body size, body condition and fledging success. Recent studies have shown that early-life telomere length can be a reliable predictor of future life expectancy and fitness [2] [3] [4] . Reduced telomere length of disturbed nestlings may therefore suggest a detrimental effect of noisy environments on developing sparrows that may carry over later in life (i.e. reduced fitness). Future investigations should usefully assess these potential fitness consequences of reduced telomere length in nestlings. ' (a) body size, (b) body condition, (c) baseline corticosterone level (log-transformed) The proximate causes of the effect of noise on telomere length remain to be determined. Genetic (e.g. inheritance of short telomeres by parents of poor quality), parental (e.g. reduced parental investment) and/or environmental (e.g. noise-induced stress) factors could all be involved [2, 4] . The similar occupancy rates (disturbed: 52.4%, control: 54.4%) and high availability of unoccupied control nest boxes (21 nest boxes) suggest that low-quality individuals were not excluded from undisturbed nest boxes by high-quality sparrows [15] . Moreover, there were no differences in clutch size or body size and condition of parents-proxies for individual quality-between sound treatments (see the electronic supplementary material). Overall, parent quality is thus unlikely to have differed across the two sound treatments. Shorter telomeres are also unlikely to result from altered parental behaviour and nutritional restriction because of similar growth and fledging success between disturbed and control nestlings [14] . Accelerated telomere attrition of disturbed nestlings could result from oxidative stress, via noise-induced physiological stress (e.g. elevated stress hormones [4] ). Indeed, recent studies have suggested that exposure to stress can accelerate telomere loss [4, 10, 19, 20] . Here, we did not detect any effect of noise exposure on baseline corticosterone levels, suggesting that reduced telomere length did not result from an increased secretion of stress hormones. Importantly, we measured immediate corticosterone levels (when the chicks were 9-days old). It is plausible that an integrative measure of corticosterone levels (for instance, in the feathers) may provide a more accurate assessment of the stress levels experienced by the chicks throughout their development [21] . In addition, other factors could have accounted for the difference in telomere length between experimental chicks and controls. For instance, noise exposure may have increased the activity level of nestlings, or disrupted their normal sleep-wake cycle. Overall, these modifications may have increased oxidative stress and DNA damage, potentially explaining the results we found [4, 20] . Future mechanistic studies should more deeply investigate the proximate mechanisms that mediate the effect of noise on telomere length in nestlings. Since early exposure to corticosterone and oxidative stress can affect telomere dynamics [10, 20] , specific attention should be paid to oxidative stress and integrative measures of corticosterone levels.
Our experiment demonstrates, for the first time, that anthropogenic noise can affect nestlings' telomere length without any obvious morphological effects. This finding raises fascinating questions regarding the impact of anthropogenic noise on life-history trajectories in wild populations. Furthermore, our results highlight the importance of investigating the impact of human-induced changes on cryptic aspects of phenotypic development to fully understand the influence of anthropogenic environments on populations.
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